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ABSTRACT 

' The  oTdej  of  nitroqer.  are  potentially  useful  _3  oxidants  in  special 
fuel  systems.  Mixtures  of  nitric  oxice  and  nitroj  en  dioxide  are  par- 
ticularly promising  because  of  the  lower  freezing  point  which  results 
from  the  addition  of  small  quantities  of  nitric  oxide  to  nitrogen  dioxide. 

A knowledge  of  the  volumetric  and  phase  behavior  of  mixtures  of  nitric 
oxi^£  aadni^^jjen  dioxide  is  of  utility  in  the  design  of  equipment  for 
and  delivery  of  these  compounds  to  combustion  equipment. 

■The  cam  portions  of  the  coexisting  phases  of  mixtures  of  nitric  ox- 
ide and  nitrogen  dioxide  were  established  throughout  the  two -phase  region 
for  temperatures  above  7CP  F.  and  for  compositions  containing  more 
than  0.  80  weight  fraction  of  nitrogen  dioxide.  The  specific  volumes  of 
the  liquid  and  gas  phases  of  mixtures  of  these  oxides  were  determined 
at  temperatures  between  4C°  F.  and  210°  F.  .for  pastures  up  to  7.  OCC 
pounds  per  square  inch.  The  results  are  presented  in  tabular  and  graph- 
ical fo  rm. 

The  bubble  point  pressure  of  mixtures  of  these  oxides  of  nitrogen 
containing  as  much  as  0.  Z weight  fraction  of  nitric  oxide  is  below  300 
pound*  per  square  inch  at  160°  F.  Such  pressures  are  low  enough  to 
permit  the  use  of  conventional  means  of  storage  and  handling  of  the 
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rr  ixturei  of  the  oxides  of  nitrogen  under  moat  climatic  condition*. 

The  specific  volume  change*  almo*t  linearly  with  liobaric -isothermal 
change  in  compoaitlon  in  both  the  liquid  and  the  gaa  pha*e»,  tbu*  per- 
mitting ready  interpolation  of  the  reiulti  to  any  desired  composition 
within  the  range  of  inveitigation.  The  data  obtained  are  consistent 
with  meaeuremente  already  available  for  the  volumetric  and  phase  be- 
havior of  the  pure  component*. 


(The  abstract  is  intended  for  publication  in  a separate  section  of  the 
Journal). 
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INTRODUCTION 

The  phase  behavior  of  mixtures  of  &UHc  oxide  and  nitrogen  dioxide 

has  not  been  studied  at  elevated  pressures.  Epstein  and  Cirkova  ( 3J 

determined  the  two -phase  pressures  of  mixture*  of  these  oxides  of 

nitrogen  containing  as  much  as  0.  38  ♦eight  fraction  of  nitric  oxide  at 

0 

temperatures  between  68°  T.  and  140  T.  for  pressures  below  24C 
pounds  per  square  inch.  The  compositions  of  the  mixtures  investiga- 
ted were  related  to  the  earlier  measurements  of  Baume  and  Robert  ( 11, 
who  studied  this  binary  system  at  temperatures  below  68°  f.  Wlttorf 
(19)  determined  the  limite  of  solubility  of  nitric  oxide  in  nitrogen  dioxide 
in  the  earn#  range  of  temperature  ae  was  reported  by  Baume  and  Robert. 
Purcell  and  Cheeeman  (9^  measured  the  solubility  of  nitric  oxide  in 
nitrogen  dioxide  at  temperatures  below  51°  F.  for  pressures  less  than 
68  pounds  per  square  inch,  Whittaker  and  coworkers  (17)  determined 
the  two-phase  pressure  for  six  mixtures  of  nitric  oxide  and  nitrogen  di- 
oxide for  composition#  containing  up  to  0.  169  weight  fraction  of  nitric 
oxide.  The  measurement#  were  made  at  temperatures  between  -40°  and 
39°  P.  Their  re  suite  are  in  reasonable  agreement  with  those  of  Baume 
and  Robert  (_1_). 

The  effect  of  pressure  and  temperature  upon  the  specific  volume  of 
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the  components  has  been  investigated  in  some  detail.  Brincr  and  co- 
workers (ZJ  established  the  volumetric  behavior  of  nitric  o>ide  at  low 
temperatures  and  Johnston  and  Weimer  ^6_)  determined  the  second  vlrial 
coefficient  at  temperatures  up  to  70°  F.  for  pressures  below  one  atmos- 
phere. Recently  the  volumetric  behavior  of  this  compound  was  studied 
at  pressures  up  to  Z,  50u  pounds  per  square  inch  for  temperatures  between 
40°  and  ZZ 0°  F.  (4). 

Verhoek  and  Daniels  06)  and  Mittasch  and  coworkers  determined 
the  volumetric  behavior  of  nitrogen  dioxide  in  the  gaseous  region  for 
temperatures  below  113°  F.  Scheffer  and  Treub  (J2)  measured  the  vapor 
pressure  n{  this  compound  up  to  the  critical  temperature.  Recently  addi- 
tional measurements  have  extended  the  knowledge  of  the  volumetric  be- 
havior of  the  liquid  and  gas  phases  of  this  compound  to  temperatures  of 
340°  F.  and  pressures  up  to  7,  000  pounds  per  square  inch  (10,  13).  Kobe 
and  Pennington  Q]  recently  reviewed  the  thermochemical  characteristics 
of  nitrogen  and  Its  oxides. 

The  present  measurements  are  concerned  with  the  volumetric  be- 
havior of  15  mixtures  of  nitric  oxide  and  nitrogen  dioxide  at  compositions 

containing  as  much  as  0,  Z weight  fraction  nitric  oxide  at  pressures  up  to 

o 

7,  000  pounds  per  square  inch  in  the  temperature  interval  between  40  and 
340°  F.  Four  of  these  mixtures  were  investigated  in  detail  and  the  re- 
mainder were  studied  throughout  the  indicated  temperature  interval  at 
nearly  a single  specific  volume.  The  dew  point  jad  bubble  point  states 
for  four  mixtures  were  determined  as  a function  of  temperature. 
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METHODS 

The  method*  employed  In  thi*  investigation  were  similar  to  those 
described  earlier  for  the  *tudy  of  the  volumetric  behavior  of  nitrogen 
dioxide  ( 1043).  In  principle,  they  involved  the  contain. nent  of  the  mix- 
ture in  a epherical  pt«»*ure  v«*iel  (10].  The  preeeure  within  thi»  veeeel 
vti  determined  by  mean*  of  a preeeure  balance  (H]  which  wai  connected 
to  the  veeeel  through  a liquid-tilled  tube  terminating  at  the  ephere  with 
a stainless  eteel  diaphragm  (l^J^).  This  balance  was  celibrated  against 
the  vapor  preeeure  of  eerbon  dioxide  at  the  ice  point.  The  preeeuree 
were  established  within  0.  2 pound  per  equate  inch  or  0.  ^whichever 

4 

measure  yielded  the  larger  uncertainty. 

The  preeeure  veeeel  wae  immersed  in  an  agitated  temperature-con- 
trolled bath  of  a eilicone  and  the  temperature  wae  meaeured  by  means 
of  a platinum  resistance  thermometer  which  had  been  compared  recently 
with  a similar  instrument  calibrated  by  the  National  Bureau  of  Standards. 
These  comparisons  were  made  with  such  care  and  the  temperature  of 
the  bath,  wae  so  steady  that  the  temperature  within  the  working  veeeel 
wae  known  relative  to  the  international  platinum  scale  with  a probable 
error  of  0. 03°  F. 

The  weight  of  each  of  the  components  wae  determined  gravimetrically 
by  the  use  of  weighing  bomb  technique*  (11).  The  total  quantity  of  sample 
originally  introduced  wae  established  with  a probable  error  of  not  more 
than  0.  03%  and  the  competition*  of  the  mixture*  were  known  with  a 
standard  error  of  0.  0012  mole  fraction.  After  each  aet  of  measure  - 
monte  of  a sequence  of  corresponding  preeeuree  and  temperatures,  a 
portion  of  the  eample  wae  withdrawn  at  a state  in  the  tingle -pha^e  region 
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and  another  sequence  of  pressures  and  temperature#  waa  then  deter- 
mined. A total  of  from  five  to  ten  series  of  such  meaaurementa  were 
made  with  each  of  the  four  mixtures.  In  the  end  the  entire  aample  waa 
withdrawn  and  the  cumulative  weighta  of  the  mixture  removed  were 
compared  with  the  original  weight.  In  each  caae  it  wma  found  that  the 
weight  of  the  oxidea  of  titrogen  withdrawn  agreed  within  0.  1%  with  that 
added.  Such  agreement  waa  one  more  Indication  of  the  relatively  email 
uncertainty  in  the  weighta  of  the  material  Involved  in  the  aeveral  aeta  of 
meaaurementa. 

Phase  boundtriea  for  the  mixturea  were  eatahliehed  from  diacontin- 
uitiae  of  the  pressure -temperature  derivative!  which  occurred  at  these 
point!,  the  specific  volume  of  the  mixturea  at  eaeh  of  the  etatea  inves- 
tigated was  determined  from  the  weight  of  the  material  within  the  pres  - 
sure  vessel  and  the  total  volume  d the  c exit  1 net.  The  latter  value  was 
established  from  calibrations  with  a known  weight  of  liquid  water  at 
relatively  low  pressure#  for  a aeries  of  temperatures.  The  studies  of 
Smith  and  Keyes  (15)  were  employed  to  determine  the  specific  volume  of 
water  ae  a function  of  preeaure  and  temperature.  The  changes  in  volume 
of  the  container  with  preeaure  and  temperature  were  aecertained  from 
the  thermal  expansion  and  Young's  modulus  of  the  steel  The  spherical 
shape  and  nearly  uxifo.m  wall  thickness  permitted  the  changes  in 
volume  to  he  established  with  accuracy.  Excellent  agreement  waa 
obtained  between  the  variation  in  volume  of  the  pressure  vessel  with 
temperature  established  from  the  calibration  with  water  and  that  pre- 
dicted from  the  thermal  expansion  of  the  steel.  Deviations  of  ft  much 
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aa  0.  15%  in  the  volume  of  the  spherical  press  ire  vessel  at 

pressure*  above  7,000  pound*  per  square  inch  were  found  between 

the  value*  established  from  the  volumetric  behavior  of  water  (15)  and 

those  predicted  from  Young'*  modulus  of  the  steel  and  the  volume  of 

the  ve**«l  at  low  pressure*.  In  the  present  study  the  *pecific  volume* 

of  the  mixtures  were  based  upon  the  total  volume  of  the  pressure  vessel 
o * * 

at  70  F,  and  atmospheric  pressure  and  the  properties  of  the  steel,  It 
is  belisvsd  that  the  specific  volumes  wsre  known  with  s standard  error 
of  0.  13%  throughout  the  ranges  of  pressurs  and  temperature  investigated. 

irlATEJUALS 

The  nitric  oxide  utilised  in  this  work  was  obtained  from  The  hUth- 
eeon  Co.  and  wai  purified  by  the  method  described  by  Johnston  and 
Olauque  (§[,  involving  absorption  of  impurities  and  subsequent  frac- 
tional©c and  sublimation.  The  specific  weight  of  a sample  of  the  puri- 
fied gae  at  atmospheric  pressure  indicated  that  it  probably  contained 
Use  than  0.  002  weight  fraction  of  material  other  than  nitric  oxide.  The 
nitrogen  dioxide,  obtained  from  the  Allied  Chemical  end  Dye  Corp. , was 
purified  by  fractionation  at  atmospheric  pressure  in  a glass  column  con- 
taining 16  platea.  The  fractionation  waa  carried  out  at  a reflux  ratio 
of  10  and  the  middle  60%  of  the  overhead  was  retained  for  final  puri- 
fication. This  partially  purified  material  was  passed  over  phosphorous 
pentoxide  at  a pressure  of  one  atmosphere  and  condensed  at  the  temp- 
erature of  liquid  nitrogen  at  a pressure  below  0.  001  incn  of  mercury. 

The  vapor  pressure  of  the  purified  nitrogen  dioxide  was  in  good  agree- 
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ment  with  earlier  values  (13).  f.t  is  believed  that 
than  0.  002  weight  fraction  of  material  other  than  nitrogen  dioxide,  The 
purified  samples  of  the  osddes  of  nitrogen  were  stored  at  pressures  higher 
than  atmospheric  in  stainless  steel  containers  until  used, 

EXPERIMENTAL  RESULTS 

Typical  sets  of  pressure -temperature  measurements  for  mixtures 
containing  0,  S3 12  and  0.  8205  weight  fractions  of  nitrogen  dioxide  are 
shown  in  Figures  1 and  2 respectively  Figure  1 presents  data  for  the 
gaseous  region,  whereas  those  in  Figure  2 relate  to  the  liquid  region. 

The  data  in  the  heterogeneous  region  have  been  omitted  in  the  interest 
of  clarity.  The  pressure-temperature  diagram  of  Figure  3 portrays 
on  a somewhat  larger  scale  the  behavior,  near  the  boundaries  of  the 
heterogeneous  region,  of  a mixture  containing  0.  943  1 weight  fraction 
of  nitrogen  dioxide.  The  precision  of  the  data  shown  is  typical  of  that 
obtained  in  this  study.  A sedss  of  four  such  sets  of  messurements  to- 
gether with  measurements  for  a single  pres sure -temperature  sequence 
with  each  of  11  mixtures  formed  the  experimental  basis  for  the  present 
results.  A detailed  record  of  the  experimental  determinations  is  avail- 
able ( 14).  A sample  of  this  information  constitutes  Table  I In  which 
the  pressure,  temperature,  and  specific  volume  have  been  recorded  for 
each  of  the  states  investigated.  Because  of  the  small  change  in  total 
volume  of  the  bomb  with  varying  conditions,  a corresponding  change  In 
the  specific  volume  of  th#  sample  recurs.  In  Figures  1,2,  and  3 4h- 
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average  specific  volume  for  each  of  the  pressure -temperature  se- 
quences has  been  depicted. 

Fig  tre  4 presents  the  compressibility  factor  as  a function  of  pres- 
sure for  a mixture  containing  0.  8312  weight  fraction  of  nitrogen  dioxide. 

The  values  of  the  compressibility  factor  were  computed  in  the  following 
way: 

~7  PVM*  -PV 
2—  * RT  * bT 

The  consUnts  in  Equation  1 were  based  upon  an  atomic  weight  of  ni* 
trogen  of  14.  008  and  an  atomic  weight  of  oxygen  of  16.  000  which  cor* 
respond  to  the  values  recommended  in  a tabulation  of  atomic  weights 

t 

i 

(18).  A value  of  the  universal  gas  constant  of  10.  7)185  (lb.  per  sq.  In. ) 

i 

(cu.  ft.  per  lb.  mole)  per  °R.  eras  employed.  Table  tt  records  the  values 

i 

of  tbs  specific  volume  and  compressibility  factor  for  five  evenly  spaced 
compositions  within  the  range  of  the  conditions  which  were  covered  in 

J 

the  investigation,  using  even  values  of  pressure  and  temperature.  The  • 

d 

effect  of  composition  upon  the  specific  volume  of  this  system  in  the  liquid 
phase  at  a temperature  of  160°  F.  it  shown  in  Figure  5.  Figure  6 presents 
a compressibility  factor -composition  diagram  for  a temperature  of  280°  T.  , j 

including  data  at  low  pressures.  ' 

Figure  7 is  s pressure -composition  diagram  for  the  bubble  point  liqu-d 
and  dew  point  gas  for  the  lower  temperatures.  The  curve*  have  been  ex- 
tended only  over  the  range  of  compositions  for  which  experimental  meas- 
urements were  obtained.  The  compositions  of  the  gas  phase  coexisting 
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with  liquid  reported  by  Purcell  and  Cheesman  (_9]_  were  interpolated 
to  40°  F.  and  were  taken  into  account  in  the  preparation  of  thi»  dia- 
gram. 

Figure  6 depict*  the  pressure  ‘Composition  relation*  for  the  higher 
temperatures.  The  behavior  is  much  simpler  for  temperature*  above 
10C">  F.  and  the  data  may  be  interpolated  with  but  •mail  uncertainty, 

Table  til  record*  the  properties  of  the  coexisting  liquid  and  gal  phase* 
as  a function  of  pressure  and  temperature.  The  information  recorded 
in  this  ua taxation  was  obtained  by  graphical  interpolation  of  the  volumetric 
measurements  available. 
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NOMENCLATURE 


b specific  gas  constant 

M*  iveragt  molecular  weight 

P pressure,  lb.  /sq.  inch  absolute 

R universal  gas  constant 

T absolute  temperature,  °R 

V specific  volume,  cu.  ft,  /lb, 

t compressibility  factor 


FIGURES 


1.  Presiure-Temperature  Diagram  for  a Mixture  Containing  0.83)2 
Weight  Fraction  Nitrogen  Dioxide. 

2.  Pre*»ure -Temperature  Diagram  for  a Mixture  Containing  0.8205 
Weight  Fraction  Nitrogen  Diojdde, 

3.  Behavior  of  a Mixture  Containing  0,  9431  Weight  Fraction  Nitrogen 
Dioxide  in  the  Heterogeneout  Region. 

4.  Compressibility  Factor  for  a Mixture  Containing  0.  8312  Weight 
Fraction  Nitrogen  Dioxide. 

5.  Specific  Volume  -Composition  Diagram  for  a Temperature  of 
160°  F. 

o 

6.  Effect  of  Competition  upon  Compressibility  Factor  at  280  F, 

?.  Pressure  •Composition  Diagram  for  the  Lower  Temperatures. 

3.  Prttsur# •Composition  Diagram  for  the  Higher  Temperatures. 
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Fig.  I Prt*iur«-T*mp-tr*turt  Diagram  for  a Mixture  Containing  0.  8205 
Weight  Fraction  Nitrogen  Dioxide, 
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TABLES 


I.  Sample  of  Experimental  Results 

It  Volumetric  Behavior  of  fixture*  of  the  Nitric  Oxide -Nitrogen 
Dioxide  Syetem 

ltL  Properties  of  the  Coexisting  Phases  in  the  Nitric  Oxide -Nitrogen 
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PROPERTIES  OF  THE  COEXISTING  PHASES  IN  THE  NITRIC  OXIDE -NITROGEN 

DIOXIDE  SYSTE-V 


Pressure > 

v/eight  T 

ruction 

Specific  Volume, 

b.  £ q.  Inch 

Nitrogen 

Diodde 

Cu.  Ft, 

/Lb. 

Absolute 

Dew  Point 

Bubble  Point 

D^w  Point 

Bubble  Point 

^ C 0 F . 

6.  5a 

1.  COCO 

1.  COCO 

h 158 

C.  0 1 034 

8.  C 

C.  6 74  5 

0. 9956 

- 

0.  01034 

9.  C 

0. 6015 

0.  993  1 

- 

0,  010  34 

10.  C 

C . 762 

0.  99C 7 

0.  01  0 35 

15.  C 

- 

0.  9770 

- 

0.  OK  38 

2 0.  C 

• 

0. 9568 

- 

0.  01041 

25.  C 

- 

0.  9274 

- 

0.  C 1047 

100°F. 

30.  7a 

1.  ooco 

1.  COCO 

1.  5190 

0. 011439 

35.  C 

0.  9454 

0. 9958 

m 

0.  011449 

40.  0 

C. 8845 

0.  9901 

- 

0.  011461 

43.  0 

0. 6272 

0.  9832 

- 

0.  01 1479 

50.  0 

0.  7706 

0.  9750 

- 

0.  011 500 

60.  C 

• 

0.  9504 

- 

0.  011557 

70.  0 

• 

0. 9073 

- 

0.  011635 

80.  C 

C.  8421 

0.  011750 

90.  C 

- 

0. 7701 

* 

0.  0118c  1 

160°F, 

111.2* 

1.  OOCO 

1.  COCO 

7733 

0.  012168 

120.  0 

0.  9701 

0. 992C 

- 

0.  012211 

130.  C 

0. 932$ 

0.  °824 

- 

0.  012239 

14C.  C 

0. 8870 

0. 9729 

- 

0.  012264 

150.  C 

0. 6311 

0,9625 

- 

0. 012290 

175.  0 

. 

0. 9354 

- 

0.  0 12336 

200.  0 

. 

0. 9052 

0.  012422 

225.  0 

. 

0.  6714 

- 

0.  01246S 

250.  C 

. 

0. 8331 

* 

0. 012553 

273.  C 

o 

0.  786  7 

- 

0.  012  622 

a Vapor  pressure  of  nitrogen  dioxide 
'D  Dew  point  volumes  ^re  estimated 
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Pressure, 

Wei 

ght  F Tactic r. 

Speniiic 

Volume , 

o.  /Sq,  Inch 

Nit: 

■ogen  Diem  re 

cu.  r 

t.  Lb. 

A b Solvit  -1 

Lew  Poir. 

t Bubble  J oint 

Dew  Foint 

Bubble  Point 

2 2 0 0 F . 

332. Ea 

1.  OCCO 

1.  000  0 

C.  2743 

0. 013343 

350.  C 

C.  9728 

0. 9899 

0.  7733b 

0. 013373 

375.  C 

0.9319 

0. 9767 

0. 2654 

0. 01341  = 

4CC.  C 

C.  8887 

0. 9631 

C.  1.566 

0. 013460 

425.  C 

0.  8438 

C. 9498 

C. 2457 

0.  0 1.3 50  5 

450.  0 

C.  7978 

0. 936  1 

C.  1334 

0. 013544 

500.  C 

- 

0.  909  1 

«- 

0. 013619 

600.  C 

* 

0. 3549 

0.01-75  1 

700.  0 

- 

0. 8003 

0. 01387C 

2 8 0 0 F . 

364.  la 

1.  0000 

J.  OCCO 

0. C984 

0. C 1 5924 

900.  0 

0.  9797 

C. 9884 

0. C968b 

0. 015949 

950.  0 

0.9518 

0.  9730 

0. C 943 

0. 015990 

1000. 0 

0.  9240 

0. 9575 

0.  0905 

0.  C 1 6 C 3 7 

1030. C 

0.  8959 

0. 9428 

0. C900 

0.  016092 

1100. 0 

0.  8678 

C. 9282 

C. C 886 

0.016149 

1200. C 

0.  8103 

0.  9002 

0.6  840 

0.016232 

1300. 0 

• 

0.  6733 

0.  C 16447 

1400. 0 

* 

C.  646  7 

« 

0. C 1 6639 

1500. 0 

- 

C ,3298 

* 

0. 016780 

